In order for the agricultural sector to be sustainable, farming practices and management strategies need to be informed by site-specific information regarding potential climate change impacts on irrigation requirements and water budget components of different crops. Such information would allow managers and producers to select cropping systems that ensure efficient use of water resources and crop productivity. The major challenge in understanding the link between cropping systems and climate change is the uncertainty of how the climate would change in the future and lack of understanding how different crops would respond to those changes. This study analyzed the potential impact of climate change on irrigation requirements of four major crops (cotton, corn, sorghum, and winter wheat) in the Brazos Headwaters Basin, Texas. The irrigation requirement of crops was calculated for the baseline period and three projected periods: 2020s (2011-2030), 2055s (2046-2065), and 2090s (2080-2099). Daily climate predictions from 15 general circulation models (GCMs) under three greenhouse gas (GHG) emission scenarios (B1, A1B, and A2) were generated for three future periods using the Long Ashton Research Station-Weather Generator (LARS-WG) statistical downscaling model. Grid-based (55 grids at~38 km resolution) irrigation water requirements (IRRs) and other water budget components of each crop were calculated using the Irrigation Management System (IManSys) model. Future period projection results show that evapotranspiration (ET) and IRR will increase for all crops, while precipitation is projected to decrease compared with the baseline period. On average, precipitation meets only 25-32% of the ET demand, depending on crop type. In general, projections from almost all GCMs show an increase in IRR for all crops for the three future periods under the three GHG emission scenarios. Irrigation requirement prediction uncertainty between GCMs was consistently greater in July and August for corn, cotton, and sorghum regardless of period and emission scenario. However, for winter wheat, greater uncertainties between GCMs were observed during April and May. Irrigation requirements show significant variations across spatial locations. There was no consistent spatial trend in changes of IRR for the four crops. A unit change in precipitation is projected to affect IRR differently depending on the crop type.
Introduction
Climate change is a serious threat to all aspects of human lives as it impacts major sectors such as energy and agricultural production, which strongly depend on water availability [1] [2] [3] [4] [5] . An increase in temperature and a decrease in precipitation are often reported as the main features of climate change [3, 6, 7] . These changes are even more pronounced in arid and semiarid regions, e.g., western and central plain regions of the U.S. [4] , including west and northwest Texas, which are expected to experience more severe and frequent water shortages. As a result, water management practices must address critical water shortage and competing needs in arid and semiarid regions in a sustainable way [1, 4] .
The Brazos River Basin (BRB) is one of the major river basins in Texas. The river and its tributaries start in the west part of the state and gain momentum as the river heads southeast to the Gulf of Mexico. The river serves as a water source for homes and businesses across the state for domestic, agricultural, and industrial uses [8] . In addition, the river offers important recreational opportunities along its path, e.g., boating, swimming, and fishing [9] . As a major water user in the BRB and globally, the agricultural sector is expected to develop water management strategies that would minimize the impacts of water shortage on crop production [4] . While some reports suggest an increase in the acreage of irrigated agriculture to meet the increasing food demand due to population pressure [10] , there are also concerns that expansion of irrigated areas would exacerbate an already dwindling freshwater resource [4] . Blanc et al. [4] reported expected water shortages due to increased water demands would result in a reduction in crop yields especially in the southwestern parts of the U.S. The authors further argued that irrigation agriculture would not be sustainable due to water shortages in such regions. Therefore, in order for the agricultural sector to be sustainable across the BRB, farming practices and management strategies have to be modified based on site-specific information regarding the potential impacts of climate change on irrigation water requirements and water budget components of different crops. Such information would allow managers and producers to select cropping systems that ensure efficient use of water resources and result in adequate crop productivity. The major challenge in understanding the links between cropping systems and climate change is the uncertainty of how the climate would change in the future and also the lack of understanding how different crops would respond to those changes.
In this regard, the use of general circulation models (GCMs) has been a useful tool to quantify future climate change scenarios under site-specific conditions [1, 3, 11] . Outputs from GCMs are then downscaled to specific locations or regions and used as inputs to crop growth and irrigation water allocation models to assess how irrigation water requirements and major water budget components would change under different cropping systems [5, 12, 13] . The Irrigation Management System (IManSys), a water allocation model, has been used to assess the impacts of potential future climate change scenarios on the irrigation water requirements of coffee and seed corn for Hawaii [13] , and citrus for most of the major citrus producing region globally [5] .
The main objective of this study was to assess the impacts of potential climate change on irrigation water requirements and the major water budget components, i.e., evapotranspiration, runoff, and drainage of four major row crops (cotton, corn, sorghum, and winter wheat) across the Brazos Headwaters Basin using the IManSys water allocation model and site-specific weather, soil, and crop data. 
Materials and Methods

Study Area
Brazos Headwaters Basin (Hydrologic Unit Code = 120,500) is the upper sub-basin of Brazos River Basin (Figure 1a) . It extends from Texas to New Mexico State covering an approximate area of 37,558 km 2 . Salt Fork Brazos and the Double Mountain Fork Brazos rivers are the major streams in the basin. The two streams are small ephemeral streams, which drain relatively large amounts of land but do not produce much streamflow [14] . About 73.5% of the Brazos Headwaters Basin is covered by the Ogallala Aquifer, and a significant portion of irrigation water used in the basin is from groundwater. Depletion of groundwater is accelerating in this aquifer due to increases in the use of groundwater for agriculture, threatening the long-term sustainability of the agricultural sector of the region. Major agricultural crops grown in this basin include winter wheat, sorghum, corn, and cotton. groundwater. Depletion of groundwater is accelerating in this aquifer due to increases in the use of groundwater for agriculture, threatening the long-term sustainability of the agricultural sector of the region. Major agricultural crops grown in this basin include winter wheat, sorghum, corn, and cotton.
Data
Gridded climate data: National Centers for Environmental Prediction (NCEP) Climate Forecast System Reanalysis (CFSR) daily grid data of precipitation, maximum and minimum temperature, and solar radiation (http://globalweather.tamu.edu/) from 1981 to 2010 (hereinafter baseline climate data) were used for downscaling of monthly GCMs projections, at 55 grid cells (~38 km resolution) within the Brazos Headwaters Basin (Figure 1b Projected climate data: The impact of climate change on irrigation water requirements (IRRs) and other soil water budget components for different crops were estimated for three periods (i.e., the 2020s, 2055s, and 2090s) using downscaled GCM projections. The climate data for three future periods, i.e., 2020s, 2055s, and 2090s, were generated using outputs from 15 GCMs (Table 1) under three greenhouse gas emission scenarios (B1-Low, A1B-Medium, and A2-High) using a statistical downscaling model, LARS-WG [15] . This study used projected climate data from our previous study and detailed information on analysis of future climate projection of 15 GCMs for the Brazos Headwaters Basin can be found in Awal et al. [3] . 
Gridded climate data: National Centers for Environmental Prediction (NCEP) Climate Forecast System Reanalysis (CFSR) daily grid data of precipitation, maximum and minimum temperature, and solar radiation (http://globalweather.tamu.edu/) from 1981 to 2010 (hereinafter baseline climate data) were used for downscaling of monthly GCMs projections, at 55 grid cells (~38 km resolution) within the Brazos Headwaters Basin (Figure 1b) , using the Long Ashton Research Station-Weather Generator (LARS-WG)statistical downscaling model. Projected climate data: The impact of climate change on irrigation water requirements (IRRs) and other soil water budget components for different crops were estimated for three periods (i.e., the 2020s, 2055s, and 2090s) using downscaled GCM projections. The climate data for three future periods, i.e., 2020s, 2055s, and 2090s, were generated using outputs from 15 GCMs (Table 1) under three greenhouse gas emission scenarios (B1-Low, A1B-Medium, and A2-High) using a statistical downscaling model, LARS-WG [15] . This study used projected climate data from our previous study and detailed information on analysis of future climate projection of 15 GCMs for the Brazos Headwaters Basin can be found in Awal et al. [3] . Soil data: The soil hydrologic parameters of the major soil types of each grid cell were extracted from the United States Department of Agriculture, Natural Resources Conservation Service, Soil Survey Geographic Database (SSURGO). The extracted soil data include soil texture, the soil horizons, and the depth of each one of them and their corresponding minimum and maximum available water content, soil hydrologic group, and the depth of the water table.
Crop data: Cotton, winter wheat, corn, and sorghum are among the major crops grown in the Brazos Headwaters Basin (Figure 2a ). The historical changes in the acreage of these crops are shown in Figure 2b . Cotton had the highest acreage while sorghum had the lowest acreage in 2011 during the last decade (2008) (2009) (2010) (2011) (2012) (2013) (2014) (2015) (2016) (2017) Soil data: The soil hydrologic parameters of the major soil types of each grid cell were extracted from the United States Department of Agriculture, Natural Resources Conservation Service, Soil Survey Geographic Database (SSURGO). The extracted soil data include soil texture, the soil horizons, and the depth of each one of them and their corresponding minimum and maximum available water content, soil hydrologic group, and the depth of the water table.
Crop data: Cotton, winter wheat, corn, and sorghum are among the major crops grown in the Brazos Headwaters Basin (Figure 2a Crop coefficients (Kc) were selected based on the works of Howell et al. [16] and Allen et al. [17] . Planting and harvesting dates and the growing season of each crop were selected according to the geographic location of the simulated area (Table 2) . Table 2 . Growing season timeline of corn, cotton, sorghum grain, and winter wheat crops [18] .
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Growing Season Zones (See Figure 1) 
Irrigation Management System (IManSys) Model
The IManSys model [19] calculates daily irrigation requirements using daily historical climate data (rain and reference evapotranspiration), and site and crop-specific information (e.g., plant growth and soil parameters, and irrigation system). In addition to IRRs, IManSys also calculates runoff, drainage, rainfall canopy interception, and effective rainfall. More details on the IManSys model can be found in Fares and Fares [19] , Fares et al. [5] , and Fares et al. [13] . Figure 3 shows the framework of assessing the potential impact on irrigation water requirement of crops under different climate change scenarios. The NCEP-CFSR daily grid data of precipitation, maximum and minimum temperatures, and solar radiation were used as input to the LARS-WG model. Future climate projections were generated for three time periods (2011-2030, 2046-2065, and 2081-2099) and three emission scenarios (A1B, A2, and B1). The daily time series outputs of precipitation and evapotranspiration were used as inputs for the IManSys model. Other inputs required for IManSys include soil hydrologic parameters of the major soil type at each grid cell, SCS curve number, and different crop specific parameters (LAI max , Kc, allowable soil water depletion, initial and final root depths). We used multiple sprinkler (Irrigation efficiency = 0.75) irrigation system for all crops. The IManSys calculated irrigation water requirements and other water budget components (runoff, drainage, canopy interception, and effective rainfall) during baseline and three future periods (2020s, 2055s, and 2090s) under projected emission scenarios in all 55 grid cells covering the Upper Brazos Headwaters Basin. Table 3 shows the summary of major water budget components for the four crops (corn, cotton, sorghum, and winter wheat) studied. The results are averaged across 55 grid cells for the baseline period. Overall, evapotranspiration dominates the water budget in the Brazos Headwaters Basin. Precipitation, on average, meets only 25-32% of the evapotranspiration demand, depending on crop type (Table 3) . Drainage water losses were relatively small compared with the other water budget components; however, drainage from winter wheat was six-fold greater than from that of the other crops. The magnitude of runoff was very similar for the four crops. Results of this study are well within the values of other studies [5, 20] that report the dominance of evapotranspiration under arid and semi-arid climates. The north and west parts of Texas, including Brazos Headwaters Basin, receive a small amount of rainfall, and irrigation is critical to supplement the moisture deficit. Several studies have projected that climate change will pose a greater threat to people and agricultural practices in dry areas due to the marginal and scarcely available water resources [20] [21] [22] . Projected changes in the major water budget components with respect to their level during the baseline period show that evapotranspiration and irrigation requirement are expected to increase for all crops, while precipitation is projected to decrease (Figure 4) . Detailed information about the projected changes in temperature and rainfall for the Brazos Headwaters Basin can be found in Awal et al. [3] . The projected increases in irrigation requirement were greater than the corresponding reductions in precipitation. Overall, projected changes in the water budget components compared with the baseline period are expected to be more pronounced towards the end of the 21st century (Figure 4) . Greater changes are expected under the A2 (high) emission scenario compared to those under B1 (low) and AlB (medium) emission scenarios. On the other hand, though drainage and canopy interception account only for a very small portion of the water budget, both variables are projected consistently to decrease for all crops during all future periods and under all greenhouse gas emission scenarios.
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precipitation and evapotranspiration were used as inputs for the IManSys model. Other inputs required for IManSys include soil hydrologic parameters of the major soil type at each grid cell, SCS curve number, and different crop specific parameters (LAImax, Kc, allowable soil water depletion, initial and final root depths). We used multiple sprinkler (Irrigation efficiency = 0.75) irrigation system for all crops. The IManSys calculated irrigation water requirements and other water budget components (runoff, drainage, canopy interception, and effective rainfall) during baseline and three future periods (2020s, 2055s, and 2090s) under projected emission scenarios in all 55 grid cells covering the Upper Brazos Headwaters Basin.
Results and Discussions
Water Budget Components under Different Crops
Crop Irrigation Requirement Uncertainties between General Circulation Models
In general, IRR for all crops for the three future periods under the three greenhouse gas emission scenarios are expected to increase based on almost all GCMs ( Figure 5 ). Substantial differences in IRR are predicted between all emission scenarios during the 2090s period. However, there were few exceptions where some GCMs (e.g., CGCM3.1, HadCM3) predict a reduction in IRR during some months of the cropping seasons of some crops ( Figure 5 ). For example, the CGMR model predicts a reduction in IRR during most of the cropping seasons of all crops except winter wheat ( Figure 5 ) in the 2090s under the A1B (moderate) emission scenario. In this study, we estimated irrigation water requirement based on projected climate data (i.e., changes in temperature and precipitation) similar to other studies [23] [24] [25] . However, we did not consider the direct effects of increased CO2 concentrations on the joint physiological and structural effect on plant growth and related water savings during the growing period of crops. Thus, several studies which considered potential shortening of the growing seasons due to increase in growing season temperature and CO2 fertilization reported a decrease or only modest increase in irrigation water requirements for these crops in different regions of the United States [26, 27] . Konzmann et al. [28] stated that increases of >20% are projected with a low likelihood, for parts of Asia and North America; they further argued that if CO2 effects were ignored, however, global irrigation demand would remain constant, and increases would prevail globally except for Southern Asia where higher precipitation is projected. Döll [23] estimated that two-thirds of the global irrigated area would be significantly affected by increases in irrigation demand. Such increase in irrigation requirement coupled with dwindling available freshwater resources would necessitate to shifting agricultural fields to areas with reliable On the other hand, though drainage and canopy interception account only for a very small portion of the water budget, both variables are projected consistently to decrease for all crops during all future periods and under all greenhouse gas emission scenarios.
In general, IRR for all crops for the three future periods under the three greenhouse gas emission scenarios are expected to increase based on almost all GCMs ( Figure 5 ). Substantial differences in IRR are predicted between all emission scenarios during the 2090s period. However, there were few exceptions where some GCMs (e.g., CGCM3.1, HadCM3) predict a reduction in IRR during some months of the cropping seasons of some crops ( Figure 5 ). For example, the CGMR model predicts a reduction in IRR during most of the cropping seasons of all crops except winter wheat ( Figure 5 ) in the 2090s under the A1B (moderate) emission scenario. In this study, we estimated irrigation water requirement based on projected climate data (i.e., changes in temperature and precipitation) similar to other studies [23] [24] [25] . However, we did not consider the direct effects of increased CO 2 concentrations on the joint physiological and structural effect on plant growth and related water savings during the growing period of crops. Thus, several studies which considered potential shortening of the growing seasons due to increase in growing season temperature and CO 2 fertilization reported a decrease or only modest increase in irrigation water requirements for these crops in different regions of the United States [26, 27] . Konzmann et al. [28] stated that increases of >20% are projected with a low likelihood, for parts of Asia and North America; they further argued that if CO 2 effects were ignored, however, global irrigation demand would remain constant, and increases would prevail globally except for Southern Asia where higher precipitation is projected. Döll [23] estimated that two-thirds of the global irrigated area would be significantly affected by increases in irrigation demand. Such increase in irrigation requirement coupled with dwindling available freshwater resources would necessitate to shifting agricultural fields to areas with reliable water sources or switch to crops with smaller water requirements [4] , or conversion of heavily irrigation regions that are expected to be greatly affected by climate change to rainfed management [29] .
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water sources or switch to crops with smaller water requirements [4] , or conversion of heavily irrigation regions that are expected to be greatly affected by climate change to rainfed management [29] . On the other hand, the GFDL-CM2.1 model predictions are consistently greater than the other models during the 2055s and 2090s periods and under all three greenhouse gas emission scenarios. Irrigation requirement prediction variability between GCMs was consistently greater during July and August for corn, cotton, and sorghum regardless of future period and emission scenario. However, for winter wheat, greater variability between GCMs is projected during April and May (Figure 5d ). Brumbelow and Georgakakos [30] reported that future changes in irrigation requirements will be affected by geographic locations in the U.S., where decreased irrigation requirements are projected for the Northern and Western U.S. while an increase in irrigation demand is projected for the Southern U.S. These authors also reported that winter wheat and corn in the Southern U.S. will not show yield increases. Overall, in GCMs predicted future temperature and precipitation translate into variabilities in irrigation water requirements of the four crops. Hopmans et al. [31] attributed uncertainties in the future water supply to uncertainties due to projected precipitation.
Spatial Changes in Projected Irrigation Requirements
Irrigation requirements show significant variations across spatial locations, and it is important to understand the spatial trends of changes in irrigation requirements of crops relative to the baseline period. Overall, IRR of all four crops is expected to increase throughout the Brazos Headwaters Basin under the three emission scenarios and three future periods, with few exceptions for sorghum and winter wheat, for which predicted increases in IRR were consistently smaller, and at times a reduction in IRR was predicted, under A2 (winter wheat) and A1B and A2 emission scenarios (sorghum) for the 2020s period ( Figure 6 ). This was unexpected given the fact that the A2 scenario represents the highest CO 2 emission of the three scenarios. Substantial increases in IRR were predicted during the 2090s period under the A2 (high) emission scenario for all crops.
On the other hand, the GFDL-CM2. 1 (Figure 5d ). Brumbelow and Georgakakos [30] reported that future changes in irrigation requirements will be affected by geographic locations in the U.S., where decreased irrigation requirements are projected for the Northern and Western U.S. while an increase in irrigation demand is projected for the Southern U.S. These authors also reported that winter wheat and corn in the Southern U.S. will not show yield increases. Overall, in GCMs predicted future temperature and precipitation translate into variabilities in irrigation water requirements of the four crops. Hopmans et al. [31] attributed uncertainties in the future water supply to uncertainties due to projected precipitation.
Irrigation requirements show significant variations across spatial locations, and it is important to understand the spatial trends of changes in irrigation requirements of crops relative to the baseline period. Overall, IRR of all four crops is expected to increase throughout the Brazos Headwaters Basin under the three emission scenarios and three future periods, with few exceptions for sorghum and winter wheat, for which predicted increases in IRR were consistently smaller, and at times a reduction in IRR was predicted, under A2 (winter wheat) and A1B and A2 emission scenarios (sorghum) for the 2020s period ( Figure 6 ). This was unexpected given the fact that the A2 scenario represents the highest CO2 emission of the three scenarios. Substantial increases in IRR were predicted during the 2090s period under the A2 (high) emission scenario for all crops.
In general, predicted changes in IRR of all crops for the three future periods under the studied scenarios were within the same order of magnitude despite apparent differences in length of the cropping session, with winter wheat having a cropping season almost twice that of the other three crops. Of the four crops, significant increases in IRR are predicted for sorghum and winter wheat during the 2090s period under the A2 (high) emission scenario. Overall, there was no consistent spatial trend in changes of IRR for the four crops across the Brazos Headwaters Basin. 
Effects of Changes in Precipitation on Irrigation Requirement
Projected effects of changes in precipitation are negatively correlated with change in IRR ( Figure  7 ). Projected increases in precipitation are expected to results in a reduction of IRR. However, this is not a one-to-one relation between changes in precipitation and IRR (Figure 7 ). In addition, while the effects of changes in precipitation show similar trends for all crops, the magnitude of this relationship was crop specific. This indicates that a unit change in precipitation is projected to affect IRR differently depending on the crop type. Figure 7 shows that the effect of precipitation was more pronounced on corn followed by cotton, while IRR of winter wheat was least affected by precipitation change among the four crops studied. Fares et al. [5] reported that future change in precipitation on citrus irrigation requirements is not constant across climatic regions; the effect of precipitation was more pronounced in humid climates than in arid climates. However, under certain conditions, several authors reported that the effects of decrease in precipitation on IRR would be masked by the effect of CO2 on crop evapotranspiration [5, 13, 28, 32] . In general, predicted changes in IRR of all crops for the three future periods under the studied scenarios were within the same order of magnitude despite apparent differences in length of the cropping session, with winter wheat having a cropping season almost twice that of the other three crops. Of the four crops, significant increases in IRR are predicted for sorghum and winter wheat during the 2090s period under the A2 (high) emission scenario. Overall, there was no consistent spatial trend in changes of IRR for the four crops across the Brazos Headwaters Basin.
Projected effects of changes in precipitation are negatively correlated with change in IRR (Figure 7 ). Projected increases in precipitation are expected to results in a reduction of IRR. However, this is not a one-to-one relation between changes in precipitation and IRR (Figure 7 ). In addition, while the effects of changes in precipitation show similar trends for all crops, the magnitude of this relationship was crop specific. This indicates that a unit change in precipitation is projected to affect IRR differently depending on the crop type. Figure 7 shows that the effect of precipitation was more pronounced on corn followed by cotton, while IRR of winter wheat was least affected by precipitation change among the four crops studied. Fares et al. [5] reported that future change in precipitation on citrus irrigation requirements is not constant across climatic regions; the effect of precipitation was more pronounced in humid climates than in arid climates. However, under certain conditions, several authors reported that the effects of decrease in precipitation on IRR would be masked by the effect of CO 2 on crop evapotranspiration [5, 13, 28, 32] . 
Conclusions
Potential climate change impacts on irrigation water requirements of four major crops (cotton, corn, sorghum, and winter wheat) grown in the Brazos Headwaters Basin, Texas were assessed for the baseline (1980-2010) and three future periods 2020s, 2055s, and 2090s using outputs of 15 GCMs under three GHG emission scenarios. Irrigation water requirements and other water budget components were calculated, for all four crops at 55 grids in the study area, using the IManSys model.
On average, precipitation meets only 25-32% of the evapotranspiration demand, depending on crop type. Drainage water losses were relatively small compared with other water budget components. Projected changes in the major water budget components show that evapotranspiration and IRR will increase for all crops, while precipitation is projected to decrease compared with the baseline period.
In general, almost all GCMs project an increase in IRR for all crops for the three future periods under the three greenhouse gas emission scenarios. Irrigation requirement prediction variability between GCMs was consistently greater during July and August for corn, cotton, and sorghum during all future periods and emission scenarios. However, for winter wheat, greater variability in GCMs' predictions were observed during April and May.
Irrigation requirements show significant spatial variability. Overall, IRR of all four crops is expected to increase throughout the Brazos Headwaters Basin under the three emission scenarios and for the three future periods, except in few cases for sorghum and winter wheat. There was no consistent spatial trend in changes of IRR for the four crops.
Effects of changes in precipitation on IRR showed similar trends for all crops; however, the magnitude of the change varied with crops. This indicates that a unit change in precipitation is projected to affect IRR differently depending on the crop type. 
Effects of changes in precipitation on IRR showed similar trends for all crops; however, the magnitude of the change varied with crops. This indicates that a unit change in precipitation is projected to affect IRR differently depending on the crop type.
Further study on estimating projected crop yield using crop models and evaluating different adaptation measures, e.g., shifting sowing date, variable rate irrigation, and use of cultivars with longer/shorter cropping seasons, will help in identifying alternative options for adapting climate change in the Brazos Headwaters Basin.
